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Abstract

Measurements of bone mineral content and composition in situ provide insight into the chemistry of bone mineral deposition. Infrared
(IR) micro-spectroscopy is well suited for this purpose. To date, IR microscopic (including imaging) analyses of bone apatite have centered
on the X1,X3 PO33

4 contour. The X4 PO33
4 contour (500^650 cm31), which has been extensively used to monitor the crystallinity of

hydroxyapatite in homogenized bone samples, falls in a frequency region below the cutoff of the mercury^cadmium^telluride detectors used
in commercial IR microscopes, thereby rendering this vibration inaccessible for imaging studies. The current study reports the first IR
micro-spectroscopy spectra of human iliac crest cross sections in the X4 PO33

4 spectral regions, obtained with a synchrotron radiation source
and a Cu-doped Ge detector coupled to an IR microscope. The acid phosphate (HPO23

4 ) content and mineral crystallite perfection
(crystallinity) of a human osteon were mapped. To develop spectra^structure correlations, a combination of X-ray powder diffraction data
and conventional Fourier transform IR spectra have been obtained from a series of synthetic hydroxyapatite crystals and natural bone
powders of various species and ages. X-ray powder diffraction data demonstrate that there is an increase in average crystal size as bone
matures, which correlates with an increase in the X4 PO33

4 FTIR absorption peak ratio of two peaks (603/563 cm31) within the X4 PO33
4

contour. Additionally, the IR results reveal that a band near 540 cm31 may be assigned to acid phosphate. This band is present at high
concentrations in new bone, and decreases as bone matures. Correlation of the X4 PO33

4 contour with the X2 CO 23
3 contour also reveals that

when acid phosphate content is high, type A carbonate content (i.e., carbonate occupying OH3 sites in the hydroxyapatite lattice) is high.
As crystallinity increases and acid phosphate content decreases, carbonate substitution shifts toward occupation of PO33

4 sites in the
hydroxyapatite lattice. Thus, IR microscopic analysis of the X4 PO33

4 contour provides a straightforward index of both relative mineral
crystallinity and acid phosphate concentration that can be applied to in situ IR micro-spectroscopic analysis of bone samples, which are of
interest for understanding the chemical mechanisms of bone deposition in normal and pathological states. ß 2001 Elsevier Science B.V.
All rights reserved.

1. Introduction

Mineral features such as crystallite size and perfection
(crystallinity), phosphate content, carbonate content, and
mineral environment may be altered substantially as a
function of tissue type, age, and pathology. Bone diseases
such as osteogenesis imperfecta [1], osteomalacia [2], os-
teoporosis [3], osteopetrosis [4], and osteoarthritis [5] are
characterized by abnormal tissue mineral content, deposi-
tion, and/or turnover.

Techniques traditionally used to study bone tissue,
namely X-ray di¡raction, nuclear magnetic resonance,
electron spin resonance, and Fourier transform infrared
(FTIR) spectroscopy, while permitting identi¢cation of
the nature of the mineral phases present, provide neither
spatially-resolved analysis of the various mineral phases,
nor permit determination of the relative amounts of min-
eral and matrix present [6]. IR micro-spectroscopy permits
chemical analysis of the organic and mineral components
of bone [7] such that speci¢c regions of the tissue can be
analyzed with spatial resolution approaching the di¡rac-
tion limit (3^20 Wm), making this technique bene¢cial for
understanding mechanisms of abnormal mineral deposi-
tion in bone disease.
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Following the initial demonstration of the feasibility of
the approach [7], IR spectroscopy and micro-spectroscopy
of bone have been used extensively to examine protein
content [8,9], phosphate [10^13] and carbonate [14,15]
content and environment, and mineral crystallinity [16^
18]. Curve-¢tting of the X1, X3 PO33

4 contour (900^1200
cm31) reveals a variety of components assigned to apatitic
phosphate and acid phosphate in environments of varying
crystallinity [11]. Subtle changes in this broad contour are
detectable as a function of bone crystal maturity [10]. For
example, a component at 1145 cm31, which is assigned to
acid phosphate, decreases as bone matures [13]. Also, the
1030/1020 cm31 intensity ratio, which is an index of crys-
tal size/perfection, increases as bone matures [11]. This
parameter has been very useful for recent IR micro-spec-
troscopic imaging of bone [19,20].

Acid phosphate content and crystallinity can also be
obtained from the X4 PO33

4 spectral region (500^650
cm31). This contour can be ¢t to fewer components [12]
than the X1,X3 contour, thereby simplifying curve-¢tting
analysis. However, the X4 PO33

4 contour falls in a fre-
quency region below the cuto¡ of the mercury-cadmium-
telluride detectors used in commercial IR microscopes,
thereby rendering this vibration generally inaccessible for
imaging studies. To circumvent this problem, we recently
described the use of a synchrotron infrared microscope
coupled to a Cu-doped Germanium detector, which ex-
tends the collectable infrared range to 4000^400 cm31

[21^23]. Through a 10-Wm aperture, the synchrotron infra-
red source is 1000 times brighter than a conventional glo-
bar source. This high brightness permits collection of high
quality data with a spatial resolution at the di¡raction
limit [24]. Since the X4 PO33

4 contour is lower in frequency,
the di¡raction-limited spatial resolution is approximately
twice that of the X1,X3 contour. However, the simpli¢ed
data analysis and complementary information attainable
from this contour make it a valuable region for infrared
analysis.

In the present study, synchrotron IR micro-spectrosco-
py is used to monitor crystallinity and acid phosphate
content in bone based on examination of the X4 PO33

4
region. To develop spectra^structure correlations, a group
of homogenized bone and synthetic hydroxyapatite sam-
ples are analyzed using conventional IR spectroscopy.
Average crystal size/perfection (crystallinity) is determined
from X-ray powder di¡raction. These results are corre-
lated with parameters derived from the corresponding IR
spectra. Also, acid phosphate content [12] and carbonate
content and environment [14] are determined in these sam-
ples. This set of trends is then applied to in situ IR micro-
spectroscopic analysis of bone samples. The ability to
measure relative bone mineral content and composition
from within di¡erent regions of individual bone samples
provides insight into the chemistry of how bone mineral is
deposited in a single species.

2. Experimental methods

2.1. Materials

Bone samples for IR micro-spectroscopy were prepared
from human iliac crest biopsies obtained from the Pathol-
ogy Department at the Hospital for Special Surgery under
an IRB approved protocol. The original specimen was
obtained (for diagnostic reasons) from the left femur of
a 28-year-old man diagnosed as osteopetrotic based on
radiologic and histologic data. Animal bones were from
specimens sacri¢ced for other purposes. Tissues included a
7-day mouse femur, a 7-week healing rabbit callus (before
and after chloroform-methanol extraction to remove lip-
ids), a baby rat femur, and calvaria and rib from a fetal
calf.

2.2. X-ray powder di¡raction

X-ray di¡raction patterns were recorded on a Siemens
D500 powder di¡ractometer (Iselin, NJ). The samples
were ground to obtain a relatively uniform particle size,
placed into an aluminum sample holder and scanned in
0.05³ intervals between 20³ and 37³ (2a) using Ni-¢ltered
Cu^KK radiation with a minimum of 8000 counts/interval.

2.3. Infrared spectroscopy

KBr pellets were prepared by mixing 10 mg of bone
powder with 500 mg of KBr in a mortar and pestle and
pressing the pellet in a 13 mm KBr pellet die (McCarthy
Scienti¢c Co., Fullerton, CA). FTIR spectra were col-
lected on a Nicolet Magna 560 FTIR instrument equipped
with a KBr beamsplitter and DTGS-polyethylene detector.
For each sample, 128 scans were collected at 4 cm31 res-
olution. For each spectrum, Savisky^Golay second-deriv-
ative analysis [25] was used (2nd-order polynomial, 5-
point convolution) to determine the peak frequencies of
all of the X4 PO33

4 and X2 CO23
3 region components. The

X4 PO33
4 region was ¢rst baseline-corrected using a cubic

polynomial line ¢t, which was done to remove any con-
tribution from the broad, underlying collagen band. A
cubic polynomial baseline ¢t was also performed on the
X2 CO23

3 contour, in order to removed the sloping back-
ground from the X1,X3 PO33

4 band. All curve-¢tting was
performed (Grams 32, Galactic Industries, Salem, NH)
using Gaussian peak-¢t components. The number of com-
ponents was de¢ned by second derivative analysis. The
frequency of each peak component was con¢ned to þ 2
cm31 from the second derivative position and peak widths
were restricted to 925 cm31, except for the broad HPO23

4
component, which was restricted to 945 cm31. For the X2

CO23
3 ¢t, four components were identi¢ed: 878, 871, 866,

and 855 cm31. The weak, broad band at 855 cm31 has
been attributed to the P-OH stretch (X3 mode) of acid
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phosphate [12] and can be directly correlated with the X4

mode near 530 cm31 (data not shown). This component
was necessary for a proper ¢t of the experimental data,
but it was removed from the X2 CO23

3 analysis.

2.4. Infrared micro-spectroscopy

Human bone samples were prepared as described pre-
viously [11]. A 5-Wm-thick section was cut from the tissue
block with a diamond saw. The bone section was placed
between two KBr windows (13 mm diameterU2 mm
thick). This sandwich assembly was mounted in a com-
pression cell (Spectra Tech, Shelton, CT). IR spectra
were recorded using a Spectra Tech IrWs Fourier trans-
form infrared microscope, equipped with a motorized
x^y mapping stage and Cu-doped Ge detector (Infrared
Laboratories, Tucson, AZ). The microscope was modi¢ed
such that the internal (globar) source was replaced by
synchrotron infrared light at Beamline U4-IR at the Na-
tional Synchrotron Light Source at Brookhaven National
Laboratory. A digital camera was mounted to the micro-
scope to enable optical imaging and recording of the re-
gions probed with the infrared microscope. Spectra were
collected in transmission mode, 128 scans per point, at
4 cm31 resolution using AtlWs software (Nicolet Instru-
ments, Madison, WI). The redundant apertures were set
at 12U12 Wm and spectra were collected in 10-Wm steps
across the osteon. The area map was 20U25 points, cor-
responding to an area 200U250 Wm2.

To correct for possible small variations in sample thick-
ness, all data are expressed as ratios. The absorbance in-
tensity ratios for each point in the map were exported
from AtlWs as a three-column ASCII ¢le and imported
into Microcal Origin 5.0 (Microcal Software, Northamp-
ton, MA) for plotting. Matrices and contour plots were
generated from the x,y map coordinates and absorbance
intensity ratio (z) values.

3. Results and discussion

3.1. Spectra^structure correlation

A series of homogenized bone samples from several spe-
cies of various ages were analyzed by X-ray powder dif-
fraction. The width of an X-ray di¡raction line represents
a measure of the average bone crystallite size, perfection,
and ordering (i.e., crystallinity) in a particular di¡raction
plane [26], where narrower linewidths indicate increased
crystallinity. In Fig. 1, the c-axis [002] re£ection linewidths
at half the maximum height (in degrees) are plotted for all
samples and arranged in decreasing order. It can be seen
that, in general, the linewidth decreases as the bone ma-
tures. For example, the linewidth broadening from a 7-
day-old mouse femur is larger than from a mature rabbit
bone. In addition to the [002] re£ection, linewidths from
¢ve other re£ections were obtained. The ranks vary
slightly for di¡erent re£ections, suggesting that other fac-
tors, possibly including crystal habit, a¡ect the linewidths.
In practice, the [002] re£ection is the only re£ection that
does not overlap other peaks and does not require curve-
¢tting. This unique re£ection, which provides an index of
c-axis size, is probably the easiest to use for sorting bone
crystallinity.

Fig. 2 compares IR spectra in the X4 PO33
4 region of

highly crystalline hydroxyapatite, mature bone (rabbit
bone), and young bone (7-day mouse femur). Five com-
ponents are visible in these spectra and also the other six

Fig. 1. X-ray powder di¡raction linewidths (in degrees) for the [002] re-
£ection of several di¡erent natural and synthetic apatite samples. Sam-
ple preparation and data collection are described in the text.

Fig. 2. Infrared spectra of the X4 PO33
4 region for (A) highly crystalline

synthetic apatite, (B) rabbit bone, and (C) 7-day-old mouse femur.
Curve-¢tting analysis was used to identify ¢ve components in the con-
tour for both bone and synthetic hydroxyapatite. Samples were ground
in a mortar and pestle with KBr and pressed into a pellet. Two hundred
and ¢fty-six scans were collected at 4 cm31 resolution.
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samples examined (Table 1). In general, the low site sym-
metry of the PO33

4 tetrahedron splits the X4 PO33
4 contour

into three components. In apatitic PO33
4 , these peaks fall

near 600, 573, and 560 cm31 [12,27]. In addition, a broad
band centered between 530 and 540 cm31 has been ob-
served in both synthetic and biological apatites and as-
signed to acid phosphate (HPO23

4 ) in the mineral lattice
[12,27]. This peak is much more intense in the young bone
and decreases in mature bone and in highly crystalline
synthetic apatite.

In Fig. 3, trends in the X4 PO33
4 IR curve-¢tting results

for all of the homogenized bone samples are plotted as a
function of the [002] di¡raction linewidth. As a fraction of
the total area, Fig. 3 illustrates a dramatic increase in the
intensity of the 540 cm31 component, and decreases in the
peak intensities at 563, 575, and 603 cm31 as crystallinity
decreases. Linear correlations (R values) between the dif-

fraction linewidths and IR absorbances are indicated in
the ¢gure caption. Positive correlations represent increases
in infrared intensity with decreased linewidth (i.e., in-
creased bone maturity).

It is well established from the X1,X3 PO33
4 region (950^

1200 cm31) that the apatite environment in newly depos-
ited bone mineral is considerably nonstoichiometric, where
labile, surface carbonate (CO23

3 ) and acid phosphate
(HPO23

4 ) concentrations are high [11,13]. As bone ages
or matures, crystal size and perfection increase and the
apatite environment can become more stoichiometric.
Both the X4 PO33

4 data presented here and by Glimcher
and coworkers [12] support these ¢ndings. As Fig. 3 illus-
trates, there is an increase in the fractional intensity of the
band at 540 cm31 as linewidth increases. Also as linewidth
increases, the fractional intensities of the normal apatitic
bands at 563, 575, and 603 cm31 decrease (Fig. 3). These

Table 1
Position of bands from second-derivative analysis of the infrared data from several mineralized tissue samples

Sample Band position

7-Day mouse femur 614.9 601.8 578.2 560.0 540.0
Fetal calf skull 614.1 602.7 577.9 559.9 538.0
Baby rat femur 616.9 601.7 578.0 559.1 532.2
Fetal calf rib 616.2 603.2 579.1 560.8 541.9
Rabbit bone 615.4 602.9 578.9 560.9 535.2
7-Week rabbit callus 613.6 602.4 578.2 560.1 540.9
Sheep bone 615.2 602.6 577.8 561.2 537.6
Crystalline hydroxyapatite 632.5 615.0 603.2 575.8 564.4

Fig. 3. From the curve-¢t data, integrated area ratios were calculated for each component as a function of the overall integrated intensity of the X4

PO33
4 band. These ratios are plotted for the (A) 603 cm31 (R =30.546; slope = 0.11 (0.07)), (B) 575 cm31 (R =30.567; slope = 0.11 (0.07)), (C) 563

cm31 (R =30.770; slope = 0.19 (0.07)), and (D) 614 cm31 (slope =30.05 (0.05)) and 540 cm31 (R = 0.763; slope = 0.35 (0.13)) components. The 540
cm31 component increases and the 603, 575, and 563 cm31 components decrease as linewidth increases, i.e., as bone crystal size decreases. Within the
error of the data, the 615 cm31 component remains constant.
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results indicate that as bone matures, acid phosphate con-
tent is lost and the apatite `perfection' increases. Within
the error of the data, the band at 615 cm31 remains small
in intensity and of constant width. This band has been
attributed to labile PO33

4 in a poorly crystalline apatitic
environment [12]. Thus for the samples that we have ex-
amined, there always remains a small fraction of labile
PO33

4 (V10%) at varying levels of bone maturity.
In addition to acid phosphate substitution into the hy-

droxyapatite lattice, bone mineral also contains a consid-
erable amount of carbonate, up to 4% or 5% by weight
[30]. In infrared spectra of bone, the X2CO23

3 contour con-
sists of three components attributable to Type A carbo-
nate (878 cm31), Type B carbonate (871 cm31), and un-
stable carbonate (866 cm31) [14,15,28]. Type A and Type
B carbonates represent carbonate substitution into the
OH3 and PO33

4 sites in the hydroxyapatite lattice, respec-
tively, where the main carbonate location appears to be in
the PO33

4 location (Type B carbonate) [29]. By curve-¢t-
ting the X2CO23

3 infrared contour, we have determined the
relative site of carbonate substitution for all of the homog-
enized bone samples. First, we ¢nd a positive correlation
between the unstable carbonate location (866 cm31 com-
ponent) and the acid phosphate content (538 cm31 com-
ponent) (Fig. 4), both of which are high in young bone
[14]. The high concentration of unstable carbonate in
young bone is consistent with the presence of labile, sur-
face carbonate. As bone matures and average crystal size
increases, the CO23

3 ions settle into the two anionic sites of
the apatite structure [15], where the overall degree of sub-
stitution is highly dependent upon many factors, such as
bone species, strain, and type. Fig. 5 illustrates trends in
Types A and B X2CO23

3 components for all of the homog-
enized bone samples as a function of the [002] di¡raction
linewidth. The data demonstrate that the fraction of Type
A carbonate decreases and the fraction of Type B carbo-

nate increases as di¡raction linewidth increases. This can
be understood as an evolution of the maturing crystal
toward stoichiometry. When a bivalent ion, such as
CO23

3 or HPO23
4 , substitutes into a trivalent PO33

4 site,
the result is a loss of a negative charge. In order to restore
neutrality to the crystal lattice, one Ca2� cationic vacancy
and one monovalent (OH3) anionic vacancy are created.
Therefore, when CO23

3 and/or HPO23
4 content are high, A

site substitution is reduced. As bone crystals mature,
CO23

3 and HPO23
4 contents decrease and the A site sub-

stitution increases.

3.2. In situ IR analysis

The use of second-derivative and curve-¢tting analysis is
required for accurate assignment of the X4 PO33

4 compo-
nents. It is clear that this curve-¢tting can provide data on
bone mineral structure analogous to that derived from the
mid-infrared X1,X3 PO33

4 data. However, in situ IR map-
ping of large regions of bone generates hundreds or thou-
sands of spectra, making the curve-¢tting protocols, as
described here, di¤cult. Thus, a simpli¢ed means of ex-
tracting relative crystallinity and acid phosphate informa-
tion using intensities from the X4 PO33

4 would simplify IR
data analysis of this region from mapping experiments of
mineralized tissue. Such an analysis using IR array detec-
tors has been described for the large data sets generated
from the X1,X3 contour [19,20]. In Fig. 6, we demonstrate
that the ratio of intensities at 603/563 cm31 is linear with
respect to crystallinity as determined by X-ray powder
di¡raction. This trend is understood from the following
argument: The peak height at 563 cm31 contains under-
lying contributions from the components at 563 and 538
cm31 (see Fig. 2). The average width at half-maximum

Fig. 4. Positive correlation (R = 0.910; slope = 0.36 (0.08)) between un-
stable, labile carbonate (866 cm31, integrated area ratio) and acid phos-
phate (540 cm31, integrated area ratio) content in the homogenized
bone samples.

Fig. 5. Fractional area of total carbonate content for type A (F : 878
cm31) and type B (b : 871 cm31) carbonate in the homogenized bone
samples as a function of di¡raction linewidth. As linewidth increases,
type A carbonate decreases (R =30.764; slope =30.14 (0.05)) and type
B carbonate increases (R = 0.892; slope = 0.38 (0.07)).
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height of the 540 cm31 band is 45 cm31, indicating (since
the band shape is assumed to be symmetric) that the peak
height of this component at 563 cm31 is one-half its max-
imum height. Thus, the peak height at 563 cm31 is equal
to the height of the 563 cm31 component plus one-half the
height of the 540 cm31 component. This value is found to
be independent of X-ray linewidth (Fig. 7). This result
supports the curve-¢tting analysis, which demonstrated
that the rate of increase of the 563 cm31 component is
one-half the rate of decrease of the 540 cm31 component
as linewidth decreases (Fig. 3).

Similarly, the peak height at 603 cm31 contains contri-
butions from the components at 615 and 603 cm31. The
average width at half-maximum height of the 615 cm31

band is 25 cm31, so by the same argument made above,
the peak height at 603 cm31 is equal to the height of the
603 cm31 component plus one-half the height of the 615
cm31 component. This value increases linearly with in-
creasing crystallinity (Fig. 7) because, as mineralization
increases, the amount of apatitic phosphate increases.
Therefore, the 603/563 cm31 ratio provides a measure of
average crystallinity.

From Table 1, it can be seen that the average peak
position of the acid phosphate band is 538 þ 4 cm31.
From Fig. 2, it can be seen that the peak height at 538
cm31 provides a direct measure of acid phosphate content,
since the closest (563 cm31) component is 33 cm31 higher
in frequency and has an average band width of 25 cm31.
Conversely, the peak height at 563 cm31 contains contri-
butions from the components centered at 563 and 538
cm31. Since 563 cm31 peak intensity remains constant
with respect to linewidth (Fig. 7), plotting the peak height
ratio 538/563 cm31 provides a measure of the acid phos-
phate content in the bone sample (Fig. 6).

Although these X-ray and IR studies were performed on
bone from numerous species of varying ages, signi¢cant
trends are observed in crystallinity and acid phosphate
content as a function of bone age. The goal of this project
is to identify and characterize these trends so that they can
be applied to in situ IR micro-spectroscopic analysis of
bone samples. The ability to measure relative bone mineral
content and composition in situ provides insight into the
chemistry of how bone mineral is deposited in a single
species. To illustrate this point, an infrared area map
was collected from an area of trabecular bone containing
an osteon as seen in Fig. 8. Osteons are created by the
combined e¡ects of (1) the tunnel-like erosion of old bone
by osteoclasts and (2) the layer-by-layer deposition of new
bone by osteoblasts. Thus, on a relative scale, the bone
located at the center of an osteon is less mature than bone
at its periphery. The infrared maps in Fig. 8 represent the
acid phosphate content (538/563) and crystallinity (603/
563) ratios. The X4 PO33

4 region of individual spectra se-
lected every 10 Wm from the osteon center can be seen in
Fig. 9A. From the center of the osteon to the periphery,
notice that the acid phosphate content decreases and crys-
tallinity increases. As expected, these spectra represent
bone that is more mature at the periphery of the osteon.
These trends are also plotted in Fig. 9B, where we see a
marked change in bone maturity within the ¢rst 30 Wm of
new bone growth. Fig. 10 shows the distribution of crys-
tallinity and acid phosphate content ratios obtained from
the entire area map. The average crystallinity and acid
phosphate content ratios are 0.88 þ 0.20 and 0.26 þ 0.10,
respectively. Thus, by 30 Wm from the center of the osteon,
the bone has reached a maturity equal to the average value
obtained from the entire mapped area.

Fig. 7. The actual peak heights at 603 and 563 cm31 can be expressed
as sums of the following curve-¢t component peak heights: 563 cm31

(b) = (563 cm31+1/2U540 cm31) and 603 cm31 (E) = (603 cm31+1/
2U614 cm31) These values are normalized to the sum of the peak
heights from the ¢ve curve-¢t components and plotted as a function of
linewidth. The peak height at 563 cm31 remains constant as a function
of linewidth and the peak height at 603 cm31 decreases linearly with
linewidth (R =30.719).

Fig. 6. Absorbance ratios for the peak heights measured at (A) 603/563
cm31 (R =30.842) and (B) 538/563 cm31 (R = 0.610) as a function of
linewidth. No curve ¢tting or integrated intensities were measured for
these ratios.
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Finally, from the IR area maps, it can generally be
concluded that where crystallinity is high, acid phosphate
content is low. An additional spectrum is shown from the
tip of the trabecular `¢nger' (dotted line in Fig. 9A). The
crystallinity ratio is extremely high and the acid phosphate
content ratio is low, representative of mature bone. Con-
versely, spectra collected along the edge of the trabecular
`¢nger' have high acid phosphate concentrations and lower
crystallinity.

These results generally con¢rm recent IR microscopic
imaging investigations which mapped the spatial distribu-
tions of parameters derived from the X1,X3 PO33

4 contour
[19,20]. With a synchrotron IR source, coupled with a Cu-
doped Ge detector, these studies are now feasible in the X4

spectral region, and complement those currently under
way (with array detector-imaging technology) in the
X1,X3 domain. In the future, we plan to extend prior com-
parative studies [19,20] of overall distributions of mineral

crystallinity in normal vs. diseased states of bone. By
doing so, we hope to identify any mechanical and/or phys-
iological abnormalities that occur in bone mineral deposi-
tion leading to bone disease.

4. Conclusions

In summary, the X4 PO33
4 region of the infrared spec-

trum of bone contains information about crystallinity and
acid phosphate content in the sample. By comparing spec-
tra of bone to synthetic hydroxyapatite, we have con-
¢rmed the existence of an acid phosphate component
near 540 cm31 [10,12]. By combining X-ray powder dif-
fraction linewidths and infrared data, we ¢nd that the
peak height ratio of 603/563 cm31 is directly related to
crystallinity. Using these assignments, relative HPO23

4
content and mineral crystallinity can be probed in a single

Fig. 8. Optical and infrared images of human, osteopetrotic, trabecular bone. Data were collected at Beamline U4IR at the NSLS using a Spectra Tech
IrWs infrared microscope and a Cu-doped Ge detector (Infrared Laboratories). Apertures were set to 12U12 Wm and 128 scans were collected at 4 cm31

resolution. Infrared images were generated by plotting peak height ratios of (left) 603/563 cm31 and (right) 538/563 cm31.
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species in situ using IR microspectroscopy of the X4 PO33
4

region. This is demonstrated for the ¢rst time in an in situ
analysis of a human bone sample. Acid phosphate content
and crystallinity are found to be inversely related, i.e., high
acid phosphate content and low crystallinity are features
of young (immature) bone. In addition, analysis of a ma-
turing human osteon con¢rms that the most dramatic
changes in osteon composition occur within 30 Wm of
the osteon center, i.e., within 30 Wm of the site of new
bone growth.
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